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NEW & NOTEWORTHY
We examined the effects of spontaneous motor activity on baroreflex-induced decreases in cardiac sympathetic outflow and heart rate, elicited by aortic occlusion, in paralyzed, decerebrate cats. Baroreflex bradycardia was blunted at the onset of spontaneous motor activity, whereas baroreflex inhibition of cardiac sympathetic outflow was not altered at all. The finding implies that central command must attenuate cardiovagal baroreflex sensitivity at the onset of spontaneous motor activity while preserving baroreflex control of cardiac sympathetic outflow.
IT IS KNOWN THAT DURING steady-state exercise, arterial baroreflex function is modulated by a feed-forward signal descending from higher brain centers (termed central command) and by a feedback signal from contracting skeletal muscle (termed exercise pressor reflex). For example, augmented central command, imposed during exercise with partial neuromuscular blockade in humans, caused a resetting of the stimulus-response curve of carotid sinus baroreflex to a higher blood pressure without changing the gain (10, 38) . Resetting of carotid sinus baroreflex was also observed during electrical stimulation of the mesencephalic locomotor region in decerebrate cats (27) . Exercise pressor reflex elicited by postexercise ischemia exhibited the same type of resetting of carotid sinus baroreflex curve in humans and conscious dogs (11, 28) . Although information about the influences of steady-state exercise on arterial baroreflex function has been accumulated, dynamic modulation of arterial baroreflex function, especially at the onset of exercise, remains poorly understood.
Several studies have recently examined the dynamic effect of exercise on cardiac baroreflex using baroreflex bradycardia in response to electrical stimulation of the baroafferent nerve or a mechanically induced increase in arterial or carotid sinus blood pressure (9, 16, 19, 23, 32) . The baroreflex bradycardia was suppressed at the onset of voluntary static exercise in conscious cats (16) and at the onset of spontaneous motor activity in decerebrate cats (19, 23, 31) . Fisher et al. (9) reported that bradycardia induced by carotid sinus baroreflex was suppressed at the onset of voluntary static exercise in humans. Since aortic and carotid sinus baroreceptor activity demonstrated the same stimulus-response property during spontaneous motor activity as that at rest (21, 22) , the modulation of cardiac baroreflex function must occur along the central baroreflex pathways within the brain stem. Furthermore, the attenuating effect on the baroreflex bradycardia in response to electrical stimulation of the aortic nerve was observed immediately before the onset of exercise (16) , suggesting that central command plays an important role in blunting the sensitivity of the aortic baroreceptor-heart rate (HR) reflex. Since the inhibition of the reduction in HR that was in response to some form of baroreflex perturbation was seen after ␤-adrenergic blockade but abolished by muscarinic blockade (32) , the inhibition of the bradycardia may be mediated through cardiac vagal (parasympathetic) nerve activity (CVNA) rather than cardiac sympathetic nerve activity (CSNA). If so, the baroreflex response in CVNA should be attenuated during spontaneous motor activity whereas the baroreflex response in CSNA may not be modified. However, evidence for the changes in baroreflex sensitivity of cardiac autonomic efferent nerve activity during spontaneous motor activity was lacking. To clarify this, we directly measured the responses in CSNA, HR, and arterial blood pressure (AP) during spontaneous motor activity in paralyzed, decerebrate cats. In this animal model, it is considered that central command and arterial baroreflexes play a role in determining the changes in the sympathetic outflow and HR, whereas exercise pressor reflex is precluded as a regulatory mechanism (7, 13, 25) . Since CSNA and AP increased during spontaneous motor activity in this study, CSNA was expected to have a positive correlation with AP. However, the positive relationship may not reflect true baroreflex function of CSNA but imply the centrally induced increase in CSNA in parallel with the pressor response.
Accordingly, to test the hypothesis that the baroreflex response in CSNA was maintained during spontaneous motor activity, the aim of this study was to examine the baroreflex response of CSNA to a transient rise in AP by occlusion of the abdominal aorta given during spontaneous motor activity. Since it is known that sympathetic outflows to various organs respond nonuniformly to arterial baroreflex stimulation (33, 35) , it was not explicit whether the effect of spontaneous motor activity on the baroreflex inhibition of sympathetic outflow was common to the heart and other organs. To do this, the second aim was to compare the baroreflex changes in CSNA and renal sympathetic nerve activity (RSNA) in response to the aortic occlusion given during spontaneous motor activity. Finally, direct measurements of the changes in CSNA and HR during spontaneous motor activity afforded a chance to assess the cause-effect relationship between them, particularly in conjunction with muscarinic blockade by atropine methyl nitrate with little central influence (3, 4, 12) . A preliminary report of this work has been published (18) .
METHODS
The present study was conducted using nine cats [body weight, 3.3 Ϯ 0.2 (SE) kg] in accordance with the "Guiding Principles for the Care and Use of Animals in the Fields of Physiological Sciences" approved by the Physiological Society of Japan and the Guideline for Animal Experiment in Hiroshima University. The experimental protocols were approved by the Committee of Research Facilities for Laboratory Animal Science, Natural Science Center for Basic Research and Development, Hiroshima University.
Preparations. The cats were anesthetized by inhaling a halothane (4%)-N 2O-O2 gas mixture, to implant catheters, perform decerebration surgery, and isolate the cardiac and renal sympathetic nerves. An endotracheal tube was inserted into the airway, and the lungs were ventilated with 0.5-1.0% halothane through the endotracheal tube. An electrocardiogram (ECG), HR, and thoracic respiratory movement were monitored throughout the experiments. To maintain a surgical level of anesthesia, the concentration of halothane was increased to 1.5-2.5% if HR and/or respiration spontaneously increased and/or if limb withdrawal occurred in response to a noxious pinch of the paw. Polyvinyl catheters were inserted into the right cephalic vein or left external jugular vein for administering drugs and into the right brachial artery or left carotid artery for measuring AP. The arterial catheter was connected to a pressure transducer (DPT-6100; Kawasumi Laboratories, Tokyo, Japan). HR was derived from the R wave of ECG with a tachometer (model 1321; GE Marquette Medical Systems, Tokyo, Japan). Rectal temperature was maintained at 37-38°C with a heating pad and a lamp. The head of the cat was mounted on a stereotaxic frame (SN-2N; Narishige, Tokyo, Japan). Decerebration was performed by electrocoagulation at the precollicular-premammillary level as previously described (25, 40) . To do this, a stainless steel electrode with insulation removed 5 mm from the tip was inserted into the hypothalamus rostral to the mammillary bodies [coordinates from the midpoint of interaural line: anterior 13 mm, horizontal 6 mm, lateral 1-11 mm with an angle of 14°from perpendicular line; from stereotaxic atlases (2, 42)]. A negative direct current (1 mA) was passed through the electrode for 30 s. The electrode was withdrawn 4 mm and the current was passed again. This procedure was bilaterally repeated for a total of 42 tracks at 0.5-mm intervals. At the end of each experiment, the animal was killed with an overdose of pentobarbital sodium, and the transected area of the brain was examined histologically. We confirmed that the cerebral cortex, the thalamus, and a rostral part of the hypothalamus (the anterior hypothalamic area, the supraoptic nucleus, and the rostral part of the lateral hypothalamic area) were disconnected from the brain stem as previously reported (25, 40) .
Recordings of cardiac and renal sympathetic nerve activities. After the decerebration was completed, the cat was removed from the stereotaxic frame and placed in the lateral posture. The left thoracotomy was performed to remove the second or third to fifth ribs. The inferior cardiac nerve extending from the left stellate ganglion was carefully isolated near the aortic arch with the aid of an operating microscope (OME; Olympus Optical, Tokyo, Japan). For recording cardiac sympathetic nerve discharge, the nerve bundle was placed on a pair of Teflon-coated silver wire electrodes (bare diameter, 0.25 mm). The nerve-electrode complex was embedded with silicone gel. The left kidney was retroperitoneally exposed. With the use of the operating microscope, a renal nerve bundle was carefully isolated from the renal plexus and surrounding connective tissue near the renal artery and vein. The renal nerve bundle was placed on a pair of Teflon-coated silver wire electrodes (bare diameter, 0.25 mm) for recording RSNA, and the nerve-electrode complex was covered with silicone gel. CSNA and RSNA were kept intact, and their raw multiunit discharges were amplified by a differential preamplifier (S-0476; Nihon Kohden, Tokyo, Japan) with a band-pass filter of 50-5,000 Hz. The spikes involved in amplified discharges were discriminated using a digital technique that detected the peaks of the nerve spikes and converted into standard pulse trains (14, 15, 25, 34, 49) . The number of standard pulse trains per unit time (i.e., mass firing frequency) was counted as a monitor of CSNA and RSNA by integrating the standard pulse trains with a resistance-capacitance integrator with a time constant of 20 ms. Once the filtering frequencies and threshold parameters for discriminating spikes were determined, the values were kept throughout the experiment. It was confirmed that CSNA and RSNA disappeared after administration of a ganglionic blocker (hexamethonium bromide, 3 mg/kg iv) at the end of the experiment, indicating that both CSNA and RSNA originated from sympathetic postganglionic efferents.
To measure tibial motor nerve activity as a monitor of spontaneous motor drive, the left tibial nerve was exposed in the posterior surface of the thigh, tied peripherally, and placed on a pair of silver wire electrodes. Original tibial motor nerve discharge was amplified by a preamplifier (S-0476; Nihon Kohden) with a band-pass filter of 50 -3,000 Hz. The amplified motor nerve activity was rectified and integrated with a resistance-capacitance integrator having a time constant of 20 ms.
Protocols. After all surgical and preparatory procedures were completed, inhalation anesthesia was stopped. Pancuronium bromide (1-2 mg; MSD, Tokyo, Japan) was then intravenously injected as a muscle relaxant, and the lungs were artificially ventilated with a respirator. The experiments were started 2-3 h after the cessation of halothane anesthesia. Without any kind of artificial stimulation, the paralyzed, decerebrate cats were able to evoke spontaneous motor activity, which was confirmed by recording tibial motor nerve activity. Therefore the cardiovascular responses during the spontaneous motor activity were elicited by central command but not by exercise pressor reflex.
Without any autonomic blockade, the changes in CSNA, RSNA, HR, and mean AP (MAP) were analyzed during spontaneous motor activity with muscle paralysis, whose average duration was 44 Ϯ 2 beats [13 Ϯ 0.6 s, n ϭ 105 trials; 5-32 trials/cat (mean: 12 Ϯ 3 trials/cat)] in all nine cats. To pharmacologically eliminate cardiac vagal control of HR, atropine methyl nitrate (0.1-0.2 mg/kg iv) was injected in four cats. The time courses and magnitudes of the sympathetic and cardiovascular responses to spontaneous motor activity were compared before (n ϭ 61 trials; 15 Ϯ 2 trials/cat) and after atropine (n ϭ 71 trials; 18 Ϯ 8 trials/cat) in the cats. In the presence of atropine, the relationship between the responses in CSNA and HR during spontaneous motor activity was analyzed, taking into consideration the time delays and time constants corresponding to the rising and falling phases of the CSNA changes determined by Mokrane and Nadeau (31) .
To mechanically activate both aortic and carotid sinus arterial baroreceptors, the abdominal aorta was occluded for a brief period of 3.3 Ϯ 0.1 s using a snare wound around the aorta above the left renal artery. To evaluate the baroreflex responses of CSNA, RSNA, and HR, the brief occlusion of the abdominal aorta was repeatedly delivered before (n ϭ 78 trials; 13 Ϯ 2 trials/cat), at the onset of (n ϭ 67 trials; 11 Ϯ 3 trials/cat), and after spontaneous motor activity (n ϭ 50 trials; 9 Ϯ 2 trials/cat) in seven cats. The aortic occlusion at the onset of spontaneous motor activity was given at 3.0 Ϯ 0.3 s from the onset of tibial nerve discharge. The baroreflex changes in response to the aortic occlusion were compared before, at the onset of, and after spontaneous motor activity. The increase in MAP by aortic occlusion given before and after spontaneous motor activity was 29 Ϯ 1 mmHg, while the increase in MAP was significantly (P Ͻ 0.05) increased to 40 Ϯ 2 mmHg at the onset of spontaneous motor activity. The rate of change of MAP (23-25 mmHg/s) was not significantly changed (P Ͼ 0.05) by spontaneous motor activity.
To pharmacologically eliminate cardiac vagal control of cardiac baroreflex, the effects of atropine methyl nitrate on the baroreflex responses in HR, CSNA, and RSNA were studied in four cats. Before atropine administration, the occlusion of the abdominal aorta was delivered before (n ϭ 46 trials; 11 Ϯ 3 trials/cat), at the onset of (n ϭ 45 trials; 11 Ϯ 3 trials/cat), and after spontaneous motor activity (n ϭ 37 trials; 9 Ϯ 2 trials/cat). After atropine administration, the aortic occlusion was delivered before (n ϭ 34 trials; 9 Ϯ 2 trials/cat), at the onset of (n ϭ 23 trials; 5 Ϯ 3 trials/cat), and after spontaneous motor activity (n ϭ 12 trials; 4 Ϯ 2 trials/cat) in the same cats. In the presence of atropine, the increase in MAP was greater at the onset of spontaneous motor activity than those before and after spontaneous motor activity (before, 32 Ϯ 1 mmHg; at the onset, 44 Ϯ 2 mmHg; after, 32 Ϯ 2 mmHg). The rate of change of MAP (16 -20 mmHg/s) by aortic occlusion was not different (P Ͼ 0.05) among the periods, although atropine significantly reduced the rate of change of MAP.
Data treatment and statistical analysis. Original and integrated CSNA and RSNA, HR, AP, ECG, rectified tibial motor activity, and a signal manually marking the aortic occlusion were continuously recorded on an eight-channel pen-writing recorder (Recti-8K; GE Marquette Medical Systems). The data were also stored in a computer with an analog-to-digital converter (MP150; BIOPACK Systems, Santa Barbara, CA) at a sampling frequency of 2 kHz. The beat-tobeat values of the cardiovascular variables were recalculated with the R wave of the ECG using a software program (AcqKnowledge 3.9.1; BIOPACK Systems). CSNA, RSNA, HR, AP, rectified tibial motor activity, and the signal marking the baroreceptor stimulation were displayed on a computer screen. The onset and end of spontaneous motor activity were visually determined using the rectified tibial motor nerve activity.
The baseline levels of the sympathetic outflows and cardiovascular variables were defined as the mean values for Ͼ20 beats preceding the onset of spontaneous motor activity. The sympathetic outflow and cardiovascular changes from the baseline levels in a given trial were aligned at the onset of spontaneous motor activity and further averaged. With respect to CSNA and RSNA, the baseline values were defined as 100%, and the relative percent changes were sequentially calculated. The time course data of the sympathetic outflow and cardiovascular changes during spontaneous motor activity were statistically analyzed by a one-way ANOVA with repeated measures. If either normality or equal variance test failed, a Kruskal-Wallis oneway ANOVA on ranks was performed. If a significant F value in the main effect of time was present, a Holm-Sidak post hoc test was performed to detect a significant difference from the control.
The baseline changes of HR, MAP, CSNA, and RSNA before and after administration of atropine methyl nitrate were examined by a paired t-test. The effects of atropine on the responses in the sympathetic outflows and cardiovascular variables during spontaneous motor activity were statistically analyzed by a two-way ANOVA with the main effects of time and drug condition (with and without atropine). If a significant F value in the interaction between time and drug condition was present, the Holm-Sidak post hoc test was performed to detect a significant difference with and without atropine at a given time.
The beat-by-beat data about the baroreflex bradycardia and the changes of CSNA and RSNA in response to brief occlusion of the abdominal aorta were measured before, at the onset of, and after spontaneous motor activity. The magnitude and rate of the increase in MAP in response to the aortic occlusion were statistically compared among the periods by a one-way ANOVA with the Dunn's post hoc test. The data within the time period from the baseline to the cessation of the aortic occlusion were sorted according to the changes in MAP from the preexercise baseline value every 5 mmHg. The stimulusresponse relationships between the changes in MAP and CSNA, RSNA, or HR were constructed against the preexercise values as previously reported (19, 23) . The percent changes in CSNA and RSNA were calculated against the baseline 100% value. The baroreflex stimulus-response curves of CSNA, RSNA, and HR were compared before, at the onset of, and after spontaneous motor activity by a two-way ANOVA and the Holm-Sidak post hoc test. The maximal slopes of stimulus-response relationships in a given trial were measured as baroreflex sensitivity, and they were compared over the trials (before, at the onset of, and after spontaneous motor activity) by a one-way ANOVA and the Dunn's post hoc test. Moreover, the effects of atropine on the stimulus-response curves and the maximal slopes were analyzed by a two-way ANOVA and the Holm-Sidak post hoc test. The level of statistical significance was defined as P Ͻ 0.05 in all cases. The data are expressed as means Ϯ SE.
RESULTS
Changes in CSNA, RSNA, HR, and MAP during spontaneous motor activity. The preexercise baseline values of HR and MAP were 192 Ϯ 10 beats/min and 130 Ϯ 5 mmHg, respectively. The baseline discharge rates of CSNA and RSNA were 62 Ϯ 10 and 79 Ϯ 16 impulses/s, respectively. An example of the responses in CSNA, RSNA, HR, AP, and tibial nerve activity during spontaneous motor activity is represented in Fig. 1 . Their average time courses and response magnitudes are shown in Fig. 2 . Both CSNA and RSNA increased significantly (P Ͻ 0.05) at the first to second beat from the onset of tibial nerve activity. The increase in CSNA peaked to 126 Ϯ 17% of the baseline control at the third beat after the onset of spontaneous motor activity, while RSNA increased by 91 Ϯ 11% at the sixth beat. The significant increases in HR and MAP were delayed from the increases in the sympathetic outflows. The peak increase in HR was 8 Ϯ 0.6 beats/min at the 21st beat, while the peak rise in MAP was 25 Ϯ 1 mmHg at the 33rd beat. With development of the pressor response (Fig. 2) , CSNA, RSNA, and HR decreased near or below the baseline levels even though spontaneous motor activity was not terminated.
Relationship between the responses in CSNA and HR to spontaneous motor activity in the presence of atropine. Atropine did not significantly alter the baseline levels of the sympathetic nerve activities and hemodynamic variables, although baseline HR tended to increase from 197 Ϯ 13 to 212 Ϯ 17 beats/min (paired t-test, P ϭ 0.0503) following administration of atropine methyl nitrate. Figure 3A represents the effects of atropine on the time courses and magnitudes of the average responses in CSNA, RSNA, HR, and MAP during spontaneous motor activity, which had equal tibial motor nerve activity. With respect to the HR response, atropine did not alter the magnitude of the tachycardia but modified the time course of the tachycardia at the onset of spontaneous motor activity (P Ͻ 0.05, a two-way ANOVA and the Holm-Sidak post hoc test). The initial tachycardia was delayed by 6 -8 beats compared with the tachycardia before atropine. In addition, atropine abolished the quick reduction in HR with a time constant of 19 beats during the later period of and immediately after spontaneous motor activity; in the presence of atropine, HR gradually returned to the baseline with a time constant of 50 beats (Fig.  3A) . On the other hand, atropine augmented the increase in MAP (P Ͻ 0.05, a two-way ANOVA and the Holm-Sidak post hoc test), although atropine did not alter the responses in CSNA and RSNA (P Ͼ 0.05). To address the question of whether a greater increase in CSNA results in a greater tachycardia, the data obtained in the presence of atropine were classified into two groups depending on the extent of tibial motor nerve activity as shown in Fig. 3B . A greater CSNA, which linked with higher tibial nerve activity, produced a greater increase in HR (P Ͻ 0.05) during spontaneous motor activity.
Baroreflex responses in CSNA, RSNA, and HR at the onset of spontaneous motor activity. Brief aortic occlusion produced a transient increase in MAP, which in turn elicited the baroreflex decreases in CSNA, RSNA, and HR as shown in Figs. 1 and 4. The aortic occlusion was performed repeatedly at various phases of spontaneous motor activity, and the baroreflex bradycardia and inhibition of CSNA in response to the pressor response were compared among the phases as exemplified in Fig. 4 . The baroreflex bradycardia was remarkably blunted at the onset and middle phases of spontaneous motor activity, whereas the baroreflex bradycardia was partly restored at the later period of spontaneous motor activity. In contrast, the baroreflex inhibition of CSNA was similarly observed irrespective of the phases during spontaneous motor activity. Especially, it was noted that the increase in CSNA at the onset of spontaneous motor activity was overcome by the baroreflex inhibition as shown in Figs. 1 and 4 . RSNA had the same characteristics of baroreflex inhibition as CSNA (not shown).
The data of the baroreflex responses were sorted according to the changes in MAP every 5 mmHg, to construct the stimulus-response curves between the changes in MAP and CSNA, RSNA, or HR as shown in Fig. 5 . The maximal slopes of the stimulus-response curves were considered as baroreflex sensitivity. Compared with the control curves before and after spontaneous motor activity, the ⌬MAP-⌬HR curve was shifted upward at the onset of spontaneous motor activity, and the maximal slope was markedly reduced (P Ͻ 0.05) from Ϫ1.1 Ϯ Ϫ1 . In contrast, the baroreflex curves of ⌬CSNA and ⌬RSNA showed no significant changes in the maximal slope at the onset of spontaneous motor activity, although the ⌬MAP-⌬CSNA and ⌬MAP-⌬RSNA curves accompanied a greater upward shift than the ⌬MAP-⌬HR curve (Fig. 5) . It was suggested that the baroreflex sensitivity of CSNA and RSNA was preserved during spontaneous motor activity. The spontaneous baroreflex relationships between the average changes in MAP and CSNA or RSNA (obtained from the time course data in Fig. 2) were well fitted to the baroreflex relationships derived with the aortic occlusion (Fig. 5) .
Effects of atropine on the baroreflex responses in CSNA, RSNA, and HR at the onset of spontaneous motor activity. The effects of atropine methyl nitrate on the baroreflex curves before, at the onset of, and after spontaneous motor activity are summarized in Fig. 6 . Before and after spontaneous motor activity, atropine abolished the baroreflex bradycardia to the pressor response by the aortic occlusion and significantly blunted the maximal slope of the ⌬MAP-⌬HR curve (P Ͻ 0.05, a two-way ANOVA and the Holm-Sidak post hoc test). Furthermore, the effects of atropine and spontaneous motor activity on the ⌬MAP-⌬HR curve were similar (Fig. 6) . In contrast, atropine did not significantly influence (P Ͼ 0.05) the fundamental characteristics of the ⌬MAP-⌬CSNA and ⌬MAP-⌬RSNA baroreflex curves at any period (before, at the onset of, and after spontaneous motor activity).
DISCUSSION
Our previous studies suggested that central command evokes suppression of cardiac baroreflex at the onset of voluntary exercise, which may in turn help instantaneous acceleration of cardiac excitation rhythm (16, 19, 23) . The inhibition of the baroreflex bradycardia during spontaneous motor activity was seen after ␤-adrenergic blockade but abolished by muscarinic blockade (32) , suggesting that the inhibition of the baroreflex bradycardia may be mediated via CVNA. We have extended the previous works by directly assessing the baroreflex changes in CSNA in response to brief aortic occlusion, to examine whether baroreflex control of CSNA and/or cardiovagal baroreflex sensitivity are altered at the onset of spontaneous fictive motor activity in decerebrate cats. The major new findings are 1) that the baroreflex bradycardia elicited by the brief aortic occlusion was almost abolished at the onset of spontaneous fictive motor activity, whereas the baroreflex inhibition of CSNA as well as RSNA was not altered; 2) that atropine methyl nitrate delayed development of the HR increase at the onset of spontaneous motor activity but did not alter the magnitude of the HR increase; and 3) that atropine methyl nitrate affected neither the centrally induced increases in CSNA and RSNA at the onset of spontaneous motor activity nor the baroreflex inhibition of the sympathetic outflows. It is likely that central command augments CSNA in concert with a decrease in CVNA for the increase in HR at the onset of spontaneous motor activity and that central command induces suppression of the baroreflex sensitivity of CVNA while preserving the baroreflex sensitivity of CSNA.
Cardiac autonomic nerve activity during spontaneous motor activity. The cardiac autonomic nervous system plays an important role in regulation of HR at the onset of exercise. Early studies have suggested, using pharmacological blockades in humans, that cardiac vagal withdrawal increases HR at the onset of exercise, while cardiac sympathetic activation does not contribute to the initial tachycardia but produces an additional increase in HR as exercise is prolonged and/or exercise intensity is elevated (30, 39, 52) . Recent studies, however, have challenged the early view about the roles of cardiac autonomic limbs on exercise tachycardia. Takahashi and colleagues (45, 46) reported that the initial tachycardia at the onset of static elbow exercise was blunted in tetraplegic subjects, who had intact vagal control but lacked supraspinal sympathoadrenal control. Fisher et al. (8) found, using more selective autonomic blockades, that partial flow restriction during leg cycling to enhance metaboreflex activation evoked a sympathetically mediated increase in HR. Thus it is likely that not only cardiac vagal withdrawal but also cardiac sympathetic activation plays a role in accelerating HR at the onset of exercise in humans, depending on exercise mode, intensity, and muscle mass. A series of attempts to measure the direct responses of CSNA and RSNA have been conducted during exercise in conscious and decerebrate cat preparations. Abrupt increases in CSNA and RSNA occurred at the onset of static and dynamic exercises in conscious cats (24, 49) and spontaneous motor activity in decerebrate cats (13, 15, 25 , this study), preceding the initial exercise tachycardia. In particular, in the experiments with muscle paralysis, central command was considered the sole mechanism responsible for the rapid activation of CSNA and RSNA, because muscle paralysis precluded exercise pressor reflex. The centrally evoked increase in CSNA approximately tripled compared with the reflex increase in CSNA during evoked static contraction or passive stretch of skeletal muscle (26, 48) . The greater the increase in CSNA that occurred during treadmill exercise in conscious cats (49) and spontaneous fictive motor activity in decerebrate cats (as shown in Fig. 3 ), the greater tachycardia was observed. The dose-response relationship between the responses in CSNA and HR supports the idea that central command allows CSNA to increase for accelerating HR at the onset of exercise in animal preparations.
Regarding the response in CVNA in the same decerebrate preparation as this study, Kadowaki et al. (15) found no significant vagal withdrawal during spontaneous motor activity. However, since all of the cardiac vagal branches could not be recorded in individual animals, it cannot be completely denied that central command may evoke a decrease in CVNA. In the present study it was observed that atropine slightly delayed the initial tachycardia during spontaneous motor activity (Fig. 3) . When subtracting the HR response with atropine from the HR response without atropine, the difference in the HR response corresponded to an atropine-dependent component, suggesting cardiac vagal contribution to the tachycardia. Since the atropine-dependent component lasted for 20 beats (ϳ6 s) from the onset of spontaneous motor activity, it seems that central command induces a short-lasting decrease in CVNA. On the other hand, the HR response with atropine corresponded to an atropine-independent component, suggesting cardiac sympathetic contribution to the tachycardia. The ratio between the atropine-independent and -dependent components (defined as the area under the tachycardia curve during spontaneous motor activity) was 4.2 greater than 1.0, suggesing a greater role of the sympathetic effect on HR, rather than the vagal effect. Accordingly, it is likely that an increase in CSNA plays a dominant role in accelerating HR at the onset of exercise in animal preparations, in concert with initial cardiac vagal withdrawal. During the later period of and after spontaneous motor activity, CSNA decreased to the preexercise level while CVNA was augmented (15) . The changes in CSNA and CVNA occurred concomitantly with development of the pressor response and were attenuated or abolished by partial sinoaortic denervation (15), suggesting that both CVNA increase and CSNA decrease are driven by arterial baroreflexes. Furthermore, the dissociation between the muscarinic effects on HR and CSNA (as shown in Fig. 3) suggests that the rapid recovery of HR is predominantly regulated by stimulation of CVNA rather than cardiac sympathetic withdrawal (36, 43) .
Relationship between CSNA and HR in the presence of atropine. In the presence of atropine, the changes in HR at the onset of exercise should be controlled by the sole changes in CSNA, and thereby the HR response will be simulated from the actual changes in CSNA by taking into account the time delays and time constants at the rising and falling phases of the CSNA response according to Mokrane and Nadeau (31). They reported that cardiac sympathetic stimulation increases HR with a time constant of ϳ2 s, while the time constant of the effect of cardiac sympathetic withdrawal on HR was ϳ9 s. Assuming that CSNA increased at the onset of spontaneous motor activity like a transient square pulse [pulse duration (W CSNA ), ϳ13 beats], the change in HR [⌬HR (t)] was simulated from the change in CSNA by modifying the equations reported by Mokrane and Nadeau (31) (see the Appendix). The time courses of the actual and simulated changes in HR during spontaneous motor activity are compared in Fig. 7 . There was a good positive relationship between them, suggesting that the increase in CSNA may explain the increase in HR in the presence of atropine. On the other hand, there was dissociation between the simulated and actual HR responses after spontaneous motor activity [more than ϳ40 beats (11 s) from the onset of spontaneous motor activity]. The dissociation may be explained by the fact that the formula disregarded a hormonal influence to the tachycardia. Indeed, the time course of the difference between the HR lines (shown in Fig. 7 ) matched the time course of the difference in the HR responses to dynamic exercise between the intact and adrenalectomized conditions (53) . Thus the dissociation between the simulated and actual HR responses after spontaneous motor activity may be explained by the contribution of epinephrine secreted from the adrenal medulla (50, 53) . On the other hand, the differences between the simulated HR and the actual HR in the absence of atropine (shown in Fig. 7 ) suggest cardiac vagal contribution to the brief initial increase in HR and to the later decrease in HR.
Centrally evoked suppression of cardiac baroreflex. Central command may contribute to the suppression of cardiac baroreflex, because electrical and chemical stimulation of the dorsomedial nucleus of the hypothalamus or the dorsal periaqueductal gray matter or the mesencephalic ventral tegmental area inhibits the cardiomotor component of the aortic baroreflex but not the vasomotor component (1, 6, 20, 41) . This study revealed that the maximal slopes of the ⌬MAP-⌬CSNA and ⌬RSNA curves were not altered by spontaneous motor activity (Figs. 5 and 6 ), whereas the maximal slope of the ⌬MAP-⌬HR curve was decreased at the onset of spontaneous motor activity as reported previously (19, 23) . Accordingly, the sensitivity of the sympathetic limb of cardiac baroreflex was maintained during spontaneous motor activity, including the onset period. In other words, CSNA does not contribute to the centrally induced suppression of cardiac baroreflex. Even if the baroreflex inhibition of CSNA is preserved during spontaneous motor activity, the sympathoinhibition may not be sufficient enough to cause the baroreflex bradycardia as discussed in Cardiac autonomic nerve activity during spontaneous motor activity, and CVNA should mediate the centrally evoked suppression of cardiac baroreflex. An interesting feature of the central inhibition of baroreflex bradycardia is a phase-dependent property. The baroreflex bradycardia elicited by stimulation of the aortic nerve was blunted at the onset phase of voluntary static exercise in conscious cats, whereas the baroreflex bradycardia was partly restored at the later phase of exercise (16) . The baroreflex bradycardia due to aortic occlusion exhibited a similar phase-dependent property, because it was remarkably blunted at the onset and middle phase of spontaneous motor activity but appeared at the later period of spontaneous motor activity (Fig. 4) . It is known that the opposing effects of CSNA and CVNA on HR have a complex interaction at the sinus node level of the heart (termed accentuated antagonism) (17, 51) . Cardiac vagal stimulation produces a more profound inhibitory effect on cardiac cells against a background of tonic CSNA than in the absence of appreciable sympathetic tone (17) . The baroreflex decrease in HR induced by a substantial rise in MAP due to aortic occlusion is probably mediated via cardiac vagal stimulation, because the bradycardia was antagonized by atropine. Taking the sympathetic-parasympathetic interaction into consideration, the inhibitory effect of cardiac vagal stimulation elicited by the aortic occlusion might be enhanced in a condition of augmented CSNA during spontaneous motor activity. However, the baroreflex bradycardia was blunted at the onset of spontaneous motor activity. The result is more likely to be explained by a reduction in the CVNA response due to attenuated cardiac baroreflex sensitivity within the brain stem rather than the peripheral sympathetic-parasympathetic interaction.
Underlying mechanisms for the effects of central command on the arterial baroreflex circuits. Speculations on underlying mechanisms for the baroreflex modulation by central command (as illustrated in Fig. 8 ) are noteworthy. Although aortic and carotid sinus primary baroafferents project to the same regions of the nucleus tractus solitarius (NTS), they do not converge on the same secondary neurons (5) . Nevertheless, most barosensitive neurons recorded in the NTS respond to stimulation of both aortic and carotid sinus nerves (44) , indicating a convergence of aortic and carotid sinus baroreceptor input on the higher-order neurons in the NTS. Previous findings from our laboratory suggested that central command selectively suppresses the cardiac component of the aortic baroreflex (19, 23) . Baroreflex bradycardia elicited by electrical stimulation of the aortic nerve was attenuated at the onset of spontaneous motor activity, whereas the baroreflex bradycardia by electrical stimulation of the carotid sinus nerve was not changed (23) . Baroreflex bradycardia elicited by brief occlusion of the abdominal aorta was attenuated at the onset of spontaneous motor activity in the condition with intact baroreflexes or aortic baroreflex alone, but not the condition with carotid sinus baroreflex alone (19) . Furthermore, the aortic baroreflex has a more dominant role in the control of HR than the carotid sinus baroreflex (14, 37) . Taken together, it is likely that central command may induce a selective inhibition of the cardiac component of the aortic baroreflex. Mifflin et al. (29) reported that electrical stimulation of the hypothalamic defense area induced a long-lasting postsynaptic inhibition in NTS neurons that received monosynaptic input from the carotid sinus nerve. If this is true for NTS neurons that received monosynaptic input from the aortic nerve, the selective inhibition of the aortic baroreflex should occur on the second-order neurons in the cardiomotor pathway of the aortic baroreflex arc before convergence of the aortic and carotid sinus baroreceptor input (23) . On the basis of the further present evidence that central command should suppress the baroreflex sensitivity of cardiac vagal outflow but not cardiac sympathetic outflow at the onset of spontaneous motor activity, it is presumable that there are at least two separate baroreflex routes whose outputs are transmitted to the vagal cardiomotor center and to sympathetic cardiomotor and vasomotor centers (Fig. 8) . In the vagal cardiomotor route, central command may inhibit postsynaptically the second-order neurons that receive input from aortic baroreceptors. Even though excess input from aortic baroreceptors occurs at the onset of exercise, it is suggested that the baroreceptor input is interrupted at the second-order neuron level in the NTS and does not augment cardiac vagal activity. In contrast, it is postulated that the baroreceptor input to the sympathetic route is not interrupted in the NTS and provides an inhibitory action on the sympathetic premotor neurons, which is competitively summated with excitatory input by central command (as illustrated in Fig. 8 ). Accordingly, excess input from arterial baroreceptors due to a substantial rise in MAP during voluntary static exercise may overcome an excitatory influence by central command (24) .
Limitations of this study. Several potential limitations involved in this study are discussed. First of all, the increase in HR observed during spontaneous fictive motor activity in this study was smaller compared with the responses during voluntary static exercise in conscious cats (16, 24) or during spontaneous body movement in decerebrate cats in the absence of muscle paralysis (25, 32, 40) , although the MAP increase corresponded to the pressor response during voluntary exercise and spontaneous body movement. It is conceivable that elim- ination of exercise pressor reflex may result in the attenuated response in HR. As another explanation for the attenuated HR response, a neuromuscular blocker has an autonomic ganglionic blocking effect, which may in turn impede synaptic transmission in sympathetic and parasympathetic ganglia (47) . Since the responses in CSNA and RSNA at the onset of spontaneous fictive motor activity resembled those obtained at the onset of voluntary static exercise (16, 24) or treadmill exercise (49) in conscious cats, the ganglionic blocking effect by neuromuscular blockade is more likely. Second, although it is expected that the aforementioned baroreflex activation of cardiac vagal outflow to aortic occlusion is inhibited by central command during spontaneous motor activity, the response in cardiac vagal outflow itself was not directly assessed. Third, brief occlusion of the abdominal aorta was used to elicit a mechanically induced rise in MAP as baroreflex perturbation. The magnitude of the pressor response by the aortic occlusion was not identical during the baseline and at the onset of spontaneous motor activity, despite the same rate of change of MAP. In addition, measurement of baroreflex responses to any depressor intervention was not attempted. Fourth, we cannot exclude the possibility that cardiac vagal afferents, which are stimulated by occlusion of the abdominal aorta, might play a role in baroreflex buffering. Fifth, because of the nature of spontaneously occurring motor behavior, the frequency and total number of occurrences of spontaneous motor activity varied among animals, and the duration and intensity of spontaneous motor activity also varied every bout in a given animal. Because of such randomness involved in this kind of experiment, the raw data collected over all bouts of spontaneous motor activity may provide truer characteristics of the cardiovascular and sympathetic nerve responses than the data collected as the mean values averaged in a given animal. Certainly this data collection might involve a sampling bias toward the data in animals with a greater number of bouts. Finally, since the responses in CSNA and RSNA at the onset of spontaneous fictive motor activity in decerebrate cats resembled those obtained at the onset of static and treadmill exercises in conscious cats (16, 24, 49) , the same central command mechanism may operate at the onset of exercise in both decerebrate and intact animals. Nevertheless, it cannot be neglected that a component of central command is eliminated or modified by the decerebration procedure, because neural connections from the forebrain structures (such as the medial prefrontal, insular, ventromedial temporal, and ventral hippocampal cortical regions) to the stellate ganglion and adrenal gland have been reported using pseudorabies virus tracing method (54) . Conclusion. In conclusion, the baroreflex sympathoinhibition of CSNA and RSNA in response to brief aortic occlusion is preserved at any phase of spontaneous motor activity. Accordingly, the centrally induced suppression of cardiac baroreflex at the onset of spontaneous motor activity must take place along the central baroreflex pathways to cardiac vagal premotor neurons.
